A long-term assay was conducted to evaluate the environmental impacts of agriculture use of sewage sludge on a tropical soil. This paper describes and discusses the results obtained by applying a interdisciplinary approach and the valuable insights gained. Experimental site was located in Jaguariúna (SP, Brazil). Multiyear comparison was developed with the application of sewage sludge obtained from wastewater treatment plants at Barueri (domestic and industrial sewage) and Franca (domestic sewage), São Paulo State. The treatments were control, mineral fertilization, and sewage sludge applied based on the N concentration that provides the same amount of N as in the mineral fertilization recommended for corn crop, two, four, and eight times the N recommended dosage. The results obtained indicated that the amount of sewage sludge used in agricultural areas must be calculated based on the N crop needs, and annual application must be avoided to prevent overapplications.
Introduction
Sewage sludge contains organic matter and is rich in macroand micronutrients, so the agricultural and forestry disposal is widely recommended [1] [2] [3] . However, sewage sludge also contains contaminants (heavy metals, organic compounds, and human pathogens) which should be considered when it is utilized in agricultural and forestry soils [1, 4] . Researches about sewage sludge disposal in soil are focused on its effects on soil fertility, plant development, and contamination by heavy metals and organic compounds. However, applications of this residue modify biological, chemical, and physical properties of the soils, consequently the dynamics of its microbiota, organic matter decomposition, nutrient cycling, physical structure of the soil, and pest and plant disease severity [4] [5] [6] [7] [8] [9] [10] .
The studies on sewage sludge are conducted mainly under temperate conditions, with few studies in tropical climate. The few studies in tropical conditions are conducted mainly to assess the nutritional effects and problems with heavy metal from sewage sludge application. These studies are rarely performed by determining long-term environmental impacts of agricultural use of sewage sludge.
Due to the fact that sewage sludge amount in Brazil is rapidly increasing, since its production was initiated twenty years ago, it is extremely important to gain knowledge and to learn about the long-term effects of sewage sludge applications on soil chemical, biological, and physical properties. Therefore, the objectives of this paper are to present and discuss the long-term effects of continued application of sewage sludge on the microbial biomass C and N, basal respiration, metabolic quotient, enzymatic activity, total carbon and nitrogen, soils δ 13 C, gas fluxes at the soilatmosphere interface, soil suppressiveness to the soilborne plant pathogens, pests and natural enemies, mites and collembolans populations, nitrate leaching, organic nitrogen mineralization rate, heavy metal contents in soil, plants and water, and soil chemical and physical characteristics under field conditions assay conducted in a tropical soil. Previous results were published by Fernandes et al. [6, 7] , Ghini et al. [8] , Dynia et al. [10] , Pedrinho et al. [11] , Val-Moraes [12] , Alves [13] , Araújo and Bettiol [14] , Bettiol [15] , Melo [16] , Melo [17] , Boeira and Maximiliano [18, 19] , Silva et al. [20] , Rangel et al. [21] , Alcantara et al. [22] , Borba et al. [23] , Munhoz and Berton [24] , Vieira et al. [25] , Boeira and Souza [26] , Filizola et al. [27] , and Macedo et al. [28] [29] [30] .
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The most relevant results of this interdisciplinary approach are summarized and discussed here.
Experimental Conditions
The experiment was conducted at the Embrapa Environment Experimental Field, located in Jaguariúna, São Paulo State, Brazil (latitude 22
• 41'S, longitude 47
• W). The altitude of the site is 570 m a.s.l. The climate type is humid subtropical; mean annual rainfall is 1335.4 mm, and mean annual temperature is 21.7 • C [31] . The soil at the experimental area was a dark red distroferric latosol (clayey texture) which physical and chemical characteristics in the 0-20 cm layer, before the onset of the study follows: pH in water = 5.8; OM = 25.5 g kg −1 ; P = 3.5 mg cm −3 ; K = 1.51, Ca = 27.5, Mg = 8.5, Al = 1, H = 35, and CEC = 73.5 mmol dm −3 ; BS% = 50.8; and clay = 450 g kg −1 [6, 7, 21] .
The different sewage sludge were obtained from biological or secondary wastewater treatment plants located in Barueri, São Paulo, which treats domestic and industrial sewage (Barueri Sludge), and in Franca, São Paulo, which treats only domestic sewage (Franca sludge). Both plants employ activated sludge process. The most important characteristics of these two types of sludge were earlier described in Bettiol et al. [32] and are presented in Table 1 .
The study treatments were: control (C), mineral fertilization (NPK) recommended for the crop [33] , sewage sludge applied based on the N concentration that provides the same amount of N as in the mineral fertilization recommended for the corn −90 kg ha −1 [33] (1N), and two (2N), four (4N), and eight (8N) times the N recommended dosage for the corn crop. Calculations of sludge rates were performed as a function of the N available for plants, considering the N mineralization rate as 30%. Supplementary K was applied for treatments involving sewage sludge, when necessary [34] . The wet sludge had been incorporated annually in six applications, since 1999 (April and December 1999, October 2000, November 2001, November 2002, and December 2003). It was toss distributed in the total area of the experimental plots and incorporated to a depth of 20 cm with a rotary harrow, 3-4 days before sowing.
In the first year, the corn variety cultivated was CATI AL30, and sowing was done on April/05/1999 (minicrop); in the second year, the hybrid AG1043 was cultivated and sowing was on December/13/1999; in the third, fourth, fifth, and sixth years, the hybrid Savanna 133S was used, sown on October/30/2000, November/05/2001, November/22/2002, and December/18/2003. For the third cultivation, the pH was corrected individually in each plot to pH 5.7, one month before sludge application, based on a soil-neutralizing curve. The agricultural practices adopted were those traditionally utilized locally for the crop without irrigation. The stubble was removed from the plots before sludge application. Table 2 displays the amounts of sludge and fertilizers applied in each treatment during the six corn cropping seasons.
The experimental design was set up as completely randomized split blocks with three replications. Each plot measured 10 m × 20 m, with 12 rows per plot. The plots were separated by hedgerows with at least 5 m on each side, planted with Bracchiaria sp. grass kept at a short height.
Effect of Sewage Sludge on Soil Microbial Activity
The application of sewage sludge can either stimulate soil microbial activity, due to an increase in available carbon and nutrients, or inhibit activity, due to the presence of heavy metals and other pollutants [35, 36] . Soil respiration, metabolic quotient, and soil enzymatic activity have been adequate indicators for microbial activity and of modifications occurred in the soil to evaluate the effects of sewage sludge disposal in agriculture and forestry soils [7, [37] [38] [39] [40] .
The effect of long-term and continued application of sewage sludge rates on microbial biomass, basal respiration, metabolic quotient, and enzymatic activity was studied by Fernandes et al. [6] after four application of Barueri sewage sludge under field conditions in Jaguariúna assay (Tables 1  and 2 ). These authors observed that soil microbial biomass values for C and N varied significantly with different sewage sludge doses and sampling seasons, and their values were positively correlated with sewage sludge doses; the basal respiration, qCO 2 and soil enzymatic activity increased as the sewage sludge doses added to the soil increased; there was a significant correlation between C and N in the microbial biomass and C and N from amylase and urease activities, and repeated applications of sewage sludge would eventually lead to a new steady state with a new balance between materials inputs and outputs. In this way, considering that agricultural use is the best sewage sludge disposal means and having been observed an increase in microbial activity proportional to sludge application, Fernandes et al. [6] recommended that the amount of sludge must be calculated based on the N crop needs, and application should not exceed soil capacity, returning to the same area not more frequently than every second year.
Using the method based on analysis of polymerase chain reaction (PCR) amplicons containing genes encoding 16S rRNA from total soil DNA, Pedrinho [11] studied the bacterial community in soil after three applications of Barueri sewage sludge. Pedrinho [11] observed that the members of the phylum Proteobacteria were markedly predominant in the soil treated with sewage sludge, and Acidobacteria was significantly present in the control. The phyla Verrucomicrobia, Actinobacteria, and Firmicutes were found in similar frequencies in treated and untreated (control) soils. Phylogenetic analysis revealed smaller bacterial diversity for soil treated with Barueri sewage sludge, suggesting that the addition of this sewage sludge can affect the phylum richness of the soil.
The effect of Barueri sewage sludge on the structure of the bacterial communities through DNA microarray analysis was studied by Val-Moraes [12] after five applications. Despite the fact that 1N dose of sewage sludge did not reduce the bacterial community of soil, there was a change in community structure. The dose of 8N drastically reduced the majority of the representatives of the phyla, including Chloroflexi, Planctomycetes, and Verrucomicrobia which has representatives directly associated with sewage sludge. On the other hand, other favored phyla include Bacteroidetes, candidate divisions OD1, OP11, and OS-K, and Spirochaetes. The candidates divisions OD1 and OP11 are related to the sulfur cycle, and this soil had a high S rate. However, the Spirochaetes are generally pathogenic. The candidate division OS-K has not yet determined the ecological role in the environment, but it is probably related to the cycle of sulfur and phosphorus. The author concluded that bacterial communities were most affected by the dose 8N, indicating that high doses of Barueri sewage sludge completely alter the bacterial communities.
Sewage Sludge Effects on Gas Fluxes at the Soil-Atmosphere Interface, on Soil δ 13 C, and on Total Soil Carbon and Nitrogen
Application of sewage sludge under temperate soil climates increases the emission of CO 2 , N 2 O and CH 4 [41] [42] [43] , but in tropical soils that received sludge applications, there are few studies. To study gases emissions from tropical treated soils, Fernandes et al. [7] collected the samples of gases (CO 2 , N 2 O, and CH 4 ) in the soil treated with Barueri sewage sludge (i) before the sludge application corresponding to the third corn cultivation, (ii) at the end of the third cultivation, (iii) before the sludge application corresponding to the fourth cultivation, (iv) 33 days after sludge application prior to the corn planting corresponding to the fourth cultivation, and (v) at the end of the fourth cultivation (Tables 1 and 2 ). The measurements of gas emission rates were made according to Bowden et al. [44] and Fernandes et al. [45] . In this study, Fernandes et al. [7] observed that the application of sewage sludge caused an increased flux of CO 2 , N 2 O, and CH 4 to the atmosphere by 224%, 316%, and 162%, respectively, for the highest sewage sludge rate, when compared to the control. There was an increase in the flux of CO 2 , N 2 O, and CH 4 to the atmosphere of 85%, 45%, and 106% for the NPK treatment, when compared to the control. However, when the highest sludge rate was compared to the NPK treatment, the increases in the fluxes of CO 2 , N 2 O, and CH 4 to the atmosphere were 75%, 186%, and 27%. These results demonstrate that NPK and sewage sludge changed the rate of mineralization of soil organic matter; consequently, there were greater fluxes of CO 2 , N 2 O, and CH 4 to the atmosphere as compared with the control. In soils treated with Barueri sewage sludge, Fernandes et al. [7] also studied soil δ 13 C and on total soil carbon and nitrogen. The soil C contents at the highest sewage sludge rate increased by 55% and 48% at the layers from 0 to 10 cm and from 10 to 20 cm, respectively, as compared to the control. In the case of soil N, the increase was in the order of 59% and 66% at the highest sludge rate at the layers from 0 to 10 cm and from 10 to 20 cm, respectively, relative to the control. The increase in soil C content was derived from the sewage sludge, as demonstrated by δ 13 C analyses, and, since the soil's δ 13 C contents were negative, it was suggested that the soil was sequestering carbon contained in the sewage sludge. Similar results were obtained by Alves [13] for Franca sewage sludge after five applications for soil C and N contents and δ 13 C analyses.
After six applications of Barueri sewage sludge, De Oliveira Dias et al. [46] observed that the sewage sludge applications increased the C content and stock rose in the 0 to 20 cm soil layer. Most soil C (50%-66%) was associated to the humic pool, followed by fulvic acid fraction-C and then humic acid fraction-C. Sewage sludge applications resulted in higher contents of C-humic substances in soil though the proportion of mineralized C in soil humus remained unchanged.
Effect of Sewage Sludge on
Suppressiveness to Soil-Borne Plant Pathogens and Spodoptera frugiperda
The effect of six applications at the rates of one (1N), two (2N), four (4N), and eight (8N) times the N recommended doses for the corn crop and types of sewage sludge (Barueri and Franca sewage sludge) [32] on soil suppressiveness to Fusarium oxysporum f. sp. lycopersici, Sclerotium rolfsii, Sclerotinia sclerotiorum, Rhizoctonia solani, Pythium spp., and Ralstonia solanacearum was evaluated by methods using indicator host plants, baits, and mycelial growth by Ghini et al. [8] . The effects of sewage sludge varied depending on the pathogen, methodology applied, and on the time interval between the sewage sludge incorporation and soil sampling. In general, both types of sewage sludge increased suppressiveness of the soil to diseases caused by S. rolfsii in bean, R. solani in radish, and R. solanacearum in tomato plants but decreased suppressiveness to those caused by S. sclerotiorum in tomato and Pythium spp. in cucumber and had no effect on disease associated with Fusarium oxysporum f. sp. lycopersici in tomato plants. Araújo and Bettiol [14] conducted two experiments to evaluate the effects of sewage sludge on seedling emergence, damping-off incidence, and severity of R. solani and Macrophomina phaseolina in soybean using soil samples collected in the Jaguariúna experiment [32] after four (1999 to 2001) successive applications of sewage sludge (Tables  1 and 2 ). In this case, the experiments were conducted in pots and the soil was artificially infested with the pathogens.
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In such study, there were no treatment effects on the suppressiveness of R. solani and M. phaseolina [14] . Those authors, in the same soils, evaluated the effect of sewage sludge on the severity soybean powdery mildew (Erysiphe diffusa), and observed that the disease severity was reduced with of increase in the concentration of sludge in the soil.
The effect of sewage sludge on the incidence of corn stalk rot caused by Fusarium was studied by Bettiol [15] . The disease did not occur during the first cycle. For the 1999/2000 and 2000/2001 crops, the percentage of diseased plants was positively correlated with the concentration of sewage sludge incorporated into to the soil. The coefficients of determination for the second corn cultivation were R 2 = 0.90 and R 2 = 0.84, while for the third cultivation, they were R 2 = 0.77 and R 2 = 0.45, for sewage sludge from Franca and Barueri, respectively. The sludge concentrations also showed positive correlation with the Fusarium population in the soil and with the electric conductivity (EC); on the other hand, they were negatively correlated with the pH. The correlation studies between the percentage of diseased plants and the soil's chemical attributes were significant and positive, for the two sewage sludge and the two last cultivations, at the 5% level, for phosphorus content, CEC, N total , N-NO 3− , and EC; on the other hand, it was negatively correlated with the pH. For the second cultivation, the percentage of diseased plants was positively correlated with all micronutrients (Fe, B, Cu, and Zn), except for Mn (Figure 1 ). These results demonstrate that if sewage sludge is to be utilized in agriculture in a safe manner, there is a need for long-term interdisciplinary studies performed under the ecological conditions of cultivation.
Suppressiveness to soil-borne plant pathogens is one of the most important soil properties, and the applications of organic matter alter this characteristic. On the other hand, incorporation of sewage sludge into the soils can reduce or increased or did not interfere with the incidence or the severity of plant disease. In this way, the effects of sewage sludge on plant diseases should be studied further, since the production of sewage sludge continuously increasing wordwide, whose final disposal is mainly in agriculture.
After four applications of sewage sludge, Melo [16] has not verified the negative effects on Spodopera frugiperda or their natural enemies. Furthermore, they found that there was a positive effect of sewage sludge to reduce the occurrence of pests and increase natural enemies, but with unknown causes.
Effect of Sewage Sludge on Mites and Collembolans Populations
Mites and collembolans inhabitants of the soil have an important role in organic matter decomposition. The addition of organic matter in the soil usually increases the mesofauna population. However, some organic materials, like sewage sludge, containing toxic agents can cause reduction of these populations. Thus, Melo [17] studied the influence of three applications of Franca and Barueri sewage sludge on mites, and collembolans populations in the soil. The populations of collembolans were not affected by the applications. The Franca sewage sludge did not showed negative effect on the population of mites and the most favorable rates for the population of these organisms were 2N, 4N, and 8N. Moreover, the doses of 2N, 4N, and 8N of Barueri sewage sludge were unfavorable to the mites in the first and second years and did not affect the population in the next application. Oribatid mites tended to adapt to the presence of Barueri sewage sludge after two applications.
Nitrate Leaching after Successive Applications of Sewage Sludge
Dynia et al. [10] evaluated nitrate leaching caused by five successive applications of sewage sludge at the rates of one (1N), two (2N), four (4N), and eight (8N) times the N recommended doses for the corn crop and types of sewage sludge (Barueri and Franca sewage sludge) in a soil cultivated with corn. The samples of the soil for analysis of nitrate were collected on all plots. The layers were 0 to 0.2, 0.2 to 0.6, 0.6 to 1.0, 1.0 to 1.4, 1.4 to 1.8, 1.8 to 2.2, 2.2 to 2.6, and 2.6 to 3.0 m. The nitrate in the soil samples were extracted with solution of sodium sulfate 0.5 mol L −1 and determined by the colorimetric method described by Baker [47] . The same method was used to determine the levels of nitrate in the samples of soil solution. N-NO 3− leaching occurred in all treatments, following the order NPK<C<1N<2N<4N<8N similarly for Barueri and Franca sewage sludge. Mean total losses of N-NO 3− in treatments 1N, 2N, 4N , and 8N reached 430, 1,020, 2,400, and 3,970 kg ha −1 , respectively, (28%, 42%, 54% and 45% of the total N applied, resp.). Treatments 2N, 4N, and 8N showed the greatest soil solution N-NO 3− concentrations during the fourth cultivations, with peak values varying between 86 mg L −1 (treatment 2N) and 464 mg L −1 (treatment 8N). In treatments NPK, C, and 1N, soil solution N-NO 3− concentrations during the fourth cultivations varied from 5 to 9, 19 to 36, and 33 to 71 mg L −1 , respectively. The authors concluded that sewage sludge application, at doses corresponding to the supply of four and eight times the available N applied as mineral fertilizer recommended for the culture, results in intense leaching of the anion from the first crop. After five applications, much of nitrate leachate reaches a depth of 3 m.
Organic Nitrogen Mineralization Rate Following the Fourth Sewage Sludge Application
According to Boeira and Maximiliano [18, 19] , the available N in sewage sludge-amended soils is one of the restrictive factors for residue application in great amounts. This criterion must be considered in regulations for agricultural use of sewage sludge to avoid nitrate enrichment because of its potential to pollute subsurface water bodies. to determine the maximum amounts to be applied to a specific crop, some sewage sludge and soil properties should be known. One is the fraction of organic N of the waste that will be mineralized during the crop cycle. This quantity, combined with mineral N in the sludge, determines the amount of N in sewage sludge that will be available during the growing season [19] . The purpose of the Boeira and Maximiliano [18] study was to verify the potential availability of mineral N in a Latossol under corn previously treated with sewage sludge ( Table 2 ). The N mineralization potential estimated by the single exponential model was 28 mg kg −1 for soil without sludge and ranged from 28 to 100 mg kg −1 for soil treated with Franca sludge and from 40 to 113 mg kg −1 for soil treated with Barueri sludge after four sewage sludge applications [18] . It was concluded that N residual effects must be considered prior to sewage sludge reapplication to a same soil. The N mineralization potential of soil and sewage Applied and Environmental Soil Science 7 sludge as well as nitrate accumulation in the soil profile has to be determined to calculate adequate sludge rates.
In a study to determine whether previous applications of sewage sludge affect the nitrogen mineralization fraction of the residue recently applied to a dark red dystroferric Latosol (Oxisol), Boeria and Maximiliano [19] showed that for reapplications on the same area, sewage sludge rates must be lower than the doses calculated for a single application, due to accumulations of organic and inorganic-N in the soil.
Effects of Sewage Sludge Applications on Heavy Metal Contents in Soil, Corn Leaves and Grains, and Water
The effects of long-term sewage sludge applications on heavy metal in tropical soil were studied by Silva et al. [20] and Rangel et al. [21] after three applications of Barueri and Franca sewage sludge and by Alcantara et al. [22] after five applications in the same area [32] . Silva et al. [20] quantified the total heavy metal in soil, corn leaves and grains, and available (DTPA and Mehlich-1) contents of Cu, Mn, Ni, Pb, and Zn. The increases in total metal contents were directly proportional to sewage sludge doses applied, and the metal content in sludge and Barueri sewage sludge application increased the Cu, Mn, Ni, Pb, and Zn contents extracted by DTPA solution. The authors observed that the total contents of heavy metals in soil are higher in plots fertilized with Barueri sewage sludge (originated of industrial and domestic waste) in relation to those quantified in areas treated with Franca sludge (domestic waste). Silva et al. [20] suggested that the DTPA and Mehlich-1 solutions are effective in predicting the availability of Zn to corn plants when leaves and grains are analyzed.
In leaves and grains of corn samples, the total concentration of metals Cu, Mn, Ni, Pb, and Zn were determined by Rangel et al. [21] in extracts obtained by nitric-perchloric digestion [48] , with the recovery of the extract with distilled water, and the analytical measurements were performed by inductively coupled plasma optical emission spectrometry (ICP-OES). Those authors observed that the successive applications of sewage sludge caused increases in Mn and Zn contents in corn leaves and grains; in relation to the control treatment, the application of the highest dose of Barueri sewage sludge (8N) promoted an increment of up to 270% and 625% of Mn, and 35% and 115% of Zn concentration, respectively; corn leaves showed higher heavy metals contents than the grains, which implicates a greater possibility of metal transfer to the food chain in the case of this part of the plant be consumed. Rangel et al. [21] concluded that up to the third sewage sludge applications the heavy metal concentrations observed in corn leaves was lower than the levels considered phytotoxic, and their concentrations in corn grains was not high enough to make them unsuitable for human consumption.
Alcantara et al. [22] studied heavy metal partitioning in the sol cultivated with corn after five years disposal of a Franca and a Barueri sewage sludge. The levels of Mn, Fe, Zn, and Cu in corn grains and leaves increased significantly with the type and doses of sewage sludge application. Nevertheless, metal buildup in soil and plants was within the allowed limits. Besides the increasing levels of Zn, Cu, Ni, and Cr, amending soil with sewage sludge also alters the distribution of these metals by increasing the mobile Phases, which correlated significantly with the increase in metal extraction with two single extractants, Mehlich 1 and DTPA [22] .
In conclusion, considering the results obtained by Silva et al. [20] , Rangel et al. [21] , and Alcantara et al. [22] and the levels established by Kabata-Pendias and Pendias [49] , there is necessary to monitoring frequently the levels of heavy metals in areas receiving sewage sludge, as well as to control the quality of sludge for agricultural use periodically, because the plots treated with higher doses in the range of Barueri sewage sludge are critical to the total concentration of Zn.
From December 2003 to March 2004, after six sewage sludge applications, Borba et al. [23] conducted the monitoring of metals and anions in the water of the unsaturated zone in one plot that received Barueri sewage sludge corresponding 8N. Monitoring occurred at depths 1, 2, 3, 4, and 5 m. The water was collected in five sampling by extracting soil solution. In samples of water, cations (Ca, Mg, K, Al, Fe, Mn, and Na) and anions (Cl, F, NO 2 , NO 3 , SO 4 , and PO 4 ) were analyzed by inductively coupled plasma atomic emission spectroscopy (ICP-AES) and highperformance liquid chromatography (HPLC), respectively. Heavy metals (Cd, Cu, Ni, Pb, and Zn) were determined using a graphite furnace atomic absorption (GF-AA) and were also measured the physical and chemical parameters of the samples (pH, conductivity, Eh) and total alkalinity obtained by volumetric method. The main ions found in soil solution were Ca, Mg, NO 3 , and SO 4 
Effects of Sewage Sludge Applications on Chemical Change in Soil and Water
After four applications of Barueri sewage sludge, Fernandes et al. [7] observed that all sludge rates (1N, 2N, 4N, and 8N ) increased the concentration of soil C and N as compared to the control. The soil C contents at the highest sewage 8
Applied and Environmental Soil Science sludge rate increased by 55% and 48% at the layers from 0 to 10 cm and from 10 to 20 cm, respectively, as compared to the control. In the case of soil N, the increase was in the order of 59% and 66% at the highest sludge rate at the layers from 0 to 10 cm and from 10 to 20 cm, respectively, relative to the control. The C and N concentrations, on average at all samplings, for the first 10 cm of soil were, respectively, 1.49% and 0.107% for the control and 2.30% and 0.17% for the highest sewage sludge rate. These increases were due to the high organic matter content in the Barueri sewage sludge, but for this sewage sludge is very important consider the heavy metals concentrations, because the origin is domestic and industrial waste. Alcantara et al. [22] observed that the application of increasing sewage sludge rates raised the level of organic carbon in soil significantly at both 0-20 and 20-40 cm deep, which probably affected soil cation exchange capacity (CEC) directly at both depths. The effect of the 4N and 8N doses was significantly different compared to the 1N and 2N [22] . The total humic fraction (fulvic + humic + humin) in Franca's sewage sludge was higher than in Barueri's and the nonhumic fraction was significantly higher in Barueri's [22] . Alcantara et al. [22] observed that the concentrations of phosphorus, nitrogen, sulfate, and CEC, organic carbon were positively correlated with sewage sludge dose applied to the soil. The sewage sludge doses influenced the content of P significantly, increasing its availability in the soil at both 0-20 and 20-40 cm deep. This was already expected, since the original P content in the soil was 1 mg kg −1 . For the 8N dose, the value observed was 114 mg kg −1 after five sewage sludge applications [22] . This result indicates that the use of sewage sludge is important to increase P content in tropical soil.
Phosphorus availability to corn plants in soil receiving Barueri and Franca sewage sludge was studied by Munhoz and Berton [24] after two applications. The Franca and Barueri sewage sludge had an efficiency of 34% in supplying P to corn, while the sewage sludge from Franca showed 64% and Barueri only 16% efficiency when compared to mineral source. The sewage sludge decreased binding energy and soil P adsorption capacity without changing the phosphorus maximum adsorption capacity. The labile fractions (P-CaCl 2 + P-NaHCO 3 ) and moderately labile fractions (P-NaOH) increased by 11.2% and 20.3%, respectively, in detriment of most resistant fraction (residual P). According to Munhoz and Berton [24] , increase in availability of sewage sludge P for corn can be partly explained by the decrease in the amount of P adsorbed by the soil and by transferring P from the most resistant fractions to more labile P pools. Addition of sewage sludge increased P availability to corn, but high amounts of this material decreased a binding energy to soil adsorption sites, and increasing the risk of having P losses by runoff towards surface water bodies.
Treatments 2N, 4N, and 8N showed the greatest soil solution N-NO 3 Vieira et al. [25] observed that the inorganic N concentration increased with the rate of sewage sludge applications. The high NO 3− concentrations in relation to NH 4+ were associated with intense soil nitrification.
After five applications of Barueri and Franca sewage sludge, the levels of P, Zn, Cu, and Fe increased (Table 3) . A positive correlation was observed between levels of P, Zn, Cu, and Fe in the soil and doses of sewage sludge applied. These elements may be a limiting factor in the continued use of sewage sludge.
Effects of Sewage Sludge Applications on Physical Change in Soil
The results obtained by Boeira and De Souza [26] showed that the bulk density decreased significantly in the upper layer in response to the increasing application rates of the two sludge types. After three applications, the sewage sludge treatments decreased the mean diameter of soil aggregates [27] . This result indicated an apparent deleterious effect of sewage sludge on soil structure. The slim plate technique utilized by Macedo et al. [28] confirms the occurrence of soil surface sealing. The sealing process increased from control to 8N dose of sewage sludge.
Sewage sludge incorporated in soil with a rotary harrow acts as glue, facilitating the emergence and increasing the soil surface sealing process and crust thickness, with consequent negative influence on seed germination. Furthermore, exposure of soil surface incorporated with sewage sludge to the rain had led to the formation of crust, with subsequent appearance of surface cracks, which can increase the soil hydraulic conductivity by preferential flow, and also reduced the seed germination [29, 30] .
Concluding Remarks
Considering that agricultural and forestry use is the best sewage sludge disposal and the results above described, we recommend that the amount of sludge must be calculated based on the N crop needs and annual application must be avoided to prevent overapplications. For tropical soils, the increase in P availability is one of the most important consequences from the sewage sludge addition to soil, but high amounts of this waste decreases a binding energy to soil adsorption sites and increases the risk of having P losses by runoff towards surface water bodies. The levels of N and Zn in soil increased with the rate of sewage sludge application and should be monitored. The results presented in this paper indicate that there is need to reduce the concentration of heavy metals in sewage sludge to avoid problems of soil contamination and harmful effects on the microbial community, as well as on the food produced. Thus, in areas receiving sewage sludge, soil fertility, levels of nitrate, heavy metals, and others contaminants must be frequently monitored in order to avoid negative impacts.
In August 2006, the Brazil Environment Minister (CONAMA) [51] established the Brazilian legislation on sewage sludge application in agriculture. The dose of total F1N, F2N , F4N, and F8N: SS from Franca based on the nitrogen concentration that provides the same amount of N as in the mineral fertilization, one, two, four, and eight times the N recommended sewage sludge dosage, respectively; B1N, B2N, B4N, and B8N: sewage sludge from Barueri based on the nitrogen concentration that provides the same amount of N as in the mineral fertilization, one, two, four, and eight times the N recommended sewage sludge, respectively.
sewage sludge applied in agriculture is based on sewage sludge nitrogen content and the nitrogen requirement of the cultivated crop would be the safest and recommended way to use this residue as a soil amendment. This legislation established the maximum concentrations of heavy metal and human pathogenic microorganisms on sewage sludge for agricultural and forestry disposal. Finally, we would like to stress the importance of this pioneer study with long-term effects of continued sewage sludge application under the tropical conditions. The Jaguariúna experiment has continued for interdisciplinary studies.
